1. Introduction {#s0005}
===============

In spoken language, emotionally salient information can be provided by variations in speech melody (emotional prosody) or by emotional semantics (verbal emotional content). Emotional prosody is the ability to express emotions through variations of pitch, intensity and duration ([@bb0250]). Individuals with severe to profound hearing loss have a limited dynamic range in these parameters, thus affecting prosody recognition ([@bb0115]). Cochlear implants (CI) are thought to improve not only language perception per se, but also specific aspects of language. However, it is still an open question whether such improvements include the recognition of emotional prosodic information.

The CI encodes sounds electronically, bypassing the damaged cochlea, and electrically stimulates the auditory nerve. Speech coding strategies are extremely important in CI processing as they decompose audio signals into different frequency bands and deliver the stimulation pattern to electrodes, maximizing the user\'s communicative potential. A number of speech processing strategies have been developed over the past two decades mimicking firing patterns inside the normal cochlea ([@bb0185]). The Advance Combination Encoder (ACE) was developed in the 1990s. This strategy separates speech signals into a number of sub bands (M) and derives the envelope information from each band signal. A subset of these (N) with the largest amplitude is then selected for stimulation (N out of M). In 2005, a new strategy, Psychoacoustic Advanced Combination Encoder (PACE), commercially known as MP3000 (this term will be used here), was developed. This strategy is based on a psychoacoustic-masking model that neglects redundant signals, thus saving valuable bandwidth for those components that are usually perceived by normal-hearing (NH) individuals. The strategy is similar to the MP3 compression algorithm ([@bb0210]).

There are reports highlighting the performance of CI users in understanding speech, in particular from phoneme to sentences, in quiet as well as in noisy environments. For example, researchers ([@bb0085]) reported that CI users\' voice gender identification was nearly perfect (94% correct) when large differences in the fundamental frequency (F0) existed between male and female talkers. House and colleagues used semantically neutral Swedish utterances of four target emotions (angry, happy, sad, and neutral), and found that for CI users, the performance of mean vocal emotion recognition increased from 44% to 51% one year after processor activation ([@bb0120]). Comparably, another study ([@bb0190]) investigated the ability of NH listeners and CI users to recognize vocal emotions. CI users performed poorly with their own conventional processor, but their performance significantly improved as the number of channels was increased. Taken together these studies reflect mixed results, which might be due to the lack of objective dependent variables used. To overcome this issue event-related potentials (ERPs) could be used, as they do not rely on subjective and behavioral output measures. In addition, ERP methodology may prove useful in narrowing the range of candidate variables that must be analyzed in order to understand the phenomenon associated with improved behavioral performances ([@bb0070]).

In the last decade, studies have used ERPs to study emotion recognition. There is evidence that ERPs are an important objective measure of auditory emotional prosody differentiation and recognition ([@bb0225]). ERP differences across emotions can be found as early as 200 ms after stimulus onset during both visual and auditory emotional processing ([@bb0020; @bb0165; @bb0245]). The traditional ERP methodology reveals the phase-locked neural activities evoked by a particular cognitive process. Time-frequency (TF) analysis, on the other hand, can reveal the non-phase-locked (induced) neural activity that is hidden in standard averaged ERPs ([@bb0195; @bb0300]). While ERPs and time-frequency analysis both provide a view of the events in brain\'s information processing stream, an advantage provided by TF analysis, relative to ERPs, is its potential to understand the brain\'s parallel processing of information. The oscillations at various frequencies reflect the interaction of multiple neural activities in the service of integrative and dynamically adaptive information processing ([@bb0230]).

This additional benefit of TF analysis, relative to ERPs, may also be manifested in greater sensitivity to the neuronal processes underlying prosody perception in CI users. Additionally, non-phase locked brain activity in the gamma-band range should indicate facilitated prosody recognition modulated by strategy ([@bb0105; @bb0180]). However, although frequency-domain (spectral) analysis has been applied by various researchers in memory and speech perception paradigms ([@bb0090; @bb0205]), it is yet to be used in emotional prosody analysis in CI users.

The present study aimed to elucidate differences between the effects of the ACE and MP3000 coding strategies on emotional prosody recognition. Based on differences between the two speech coding strategies and the advantage of MP3000 strategy in improving spatial recognition cues, we hypothesized that MP3000 users might perform better compared with the ACE users on prosody identification, which should be reflected in behavioral measures and auditory ERPs. We further hypothesized that induced brain activity obtained with TF analysis should yield complementary effects not observable in the classic ERPs reported above.

In the current study, prosodic information was presented by using neutral, angry and happy tones of voice. Differences were assessed in the behavioral responses, the ERPs as well as TF analysis.

2. Materials and method {#s0010}
=======================

2.1. Participants {#s0015}
-----------------

Forty right-handed native German speakers (22 females, 18 males), aged 25--60 years (mean = 41.5 years, SD = 7) participated in the experiment. The first group of participants (Group I) consisted of 20 CI users (mean = 42.1 years, SD = 7.01) wearing a Nucleus cochlear implant system as depicted in [Table 1](#t0005){ref-type="table"}. Subjects had used their implants continuously for at least 12 months and had at least 20% speech in noise perception scores on the Oldenburg sentence test ([@bb0320]) prior to the study. Furthermore, subjects were divided into two subgroups with the aim of comparing two speech-coding strategies (ACE vs. MP3000). The first group of participants (Group IA) consisted of ten individuals (mean age of 42.1, SD = 8.2) with an ACE strategy as their default while their speech processors were programmed with MP3000 strategy for the experiment. Similarly, the remaining ten participants in (Group IB) were CI users (mean = 41.1 SD = 7.3) with MP3000 as their default and ACE as the experimental strategy.

A control group (Group II) comprised age and gender-matched NH participants (age range: 25--55 years; mean = 41 years, SD = 7.1). All participants had normal intelligence and reported no history of psychological or neurological problems. In order to test for depression, Beck\'s Depression Inventory (BDI) was used ([@bb0030]). None of the subjects had clinically-relevant symptoms of a depressive episode. The study was carried out in accordance with the Declaration of Helsinki and was approved by the Ethics Committee of the Hannover Medical School. All participants gave written informed consent prior to the recording and received monetary compensation for their participation.

2.2. Stimuli {#s0020}
------------

The stimulus material consisted of 150 semantically-neutral German sentences with neutral, happy and angry prosody (50 each) spoken by a trained female German speaker. Stimuli were recorded with a sampling rate of 44.1-kHz and a 16-bit digitizer ([@bb0170; @bb0160; @bb0325]). All sentences started with personal pronouns (For example, "*Sie hat die Zeitung gelesen*"; "She has read the newspaper"). The stimulus material was prosodically analyzed using Praat 5.1.19 ([@bb0035]). [Table 2](#t0010){ref-type="table"}, displays the differences in the fundamental frequency (F0), intensity, and duration of the sentences extracted. It was observed that the there were significant pitch differences across emotions but no significant intensity differences seen. These significant differences in pitch contours are illustrated in [Fig. 1](#f0005){ref-type="fig"}.

2.3. Procedure {#s0025}
--------------

Testing was carried out in a sound-proofed chamber. Subjects were seated in a comfortable armchair facing a computer monitor placed at a distance of one meter. The stimuli were programmed with Presentation Version 14.1 (Neurobehavioral systems) and were presented in a fully-random order via loudspeakers positioned to the left and right of the monitor at a listening level which participants indicated to be sufficiently comprehensible. The task was a three-choice measure with each of the three emotions corresponding to one of the response keys on the response box. Stimuli were presented at a fixed presentation rate with an inter-trial interval of 2500 ms. Participants were asked to decide as accurately as possible whether the presented sentence was spoken in neutral, happy, or angry prosody. The matching of buttons to responses was counterbalanced across subjects within each response group. The experiment included two randomized runs of approximately 13 min each. CI users had their speech processors programmed for ACE and MP3000 strategies. The MP3000 map was optimized to ensure that the overall loudness was similar to that of the ACE map. The study was cross-over in design, hence, for CI users of group (IA), run A involved the use of their conventional speech coding strategy (ACE), whereas in the second run, run B, they used the experimental strategy (MP3000). Similarly for CI users of group (IB), run A entailed the use of their conventional strategy and run B the experimental. To control for familiarity effects the runs were counterbalanced across subjects. Only the responses given after the completion of a sentence were included in later analyses.

2.4. ERP procedure and analysis {#s0030}
-------------------------------

The EEG signals were acquired using Brain Vision amplifier system (BrainProducts, Germany, [www.brainproducts.de](http://www.brainproducts.de)). Thirty electrodes were attached to an elastic cap at 10--20 positions ([@bb0125]) and were referenced to the tip of the nose. In order to control for horizontal and vertical eye movements, a unipolar electro-oculogram was recorded using two electrodes: one placed at the outer canthus, and one below, the right eye. The impedances of the active electrodes were kept below 10 kΩ. EEG and electro-oculograms were analog filtered (0.1--100 Hz), and recorded with a sampling rate of 250 Hz. The EEG was recorded continuously on-line and stored for off-line processing.

2.5. Data processing {#s0035}
--------------------

### 2.5.1. Preprocessing and artifact rejection {#s0040}

The recorded brain activity was analyzed offline using EEGLAB ([@bb0065]) software (version 9_0\_4_5s) running under the MATLAB environment. The data were band-pass filtered from 1 to 30 Hz for ERP peak amplitude computations and 1 to 100 Hz for TF analysis.

Trials with non-stereotypical artifacts exceeding three standard deviations of an inbuilt probability function (jointprob.m) were removed. ICA was performed with the Infomax ICA algorithm on the continuous data ([@bb0060]) with the assumption that the recorded activity is a linear sum of independent components (ICs) arising from brain and non-brain artifact sources. For systematic removal of components representing ocular and cardiac artifacts the EEGLAB plug-in CORRMAP ([@bb0315]), enabling semi-automatic component identification, was used. After artifact attenuation by back-projection of all but the artifactual ICs, the clean data were inspected for CI-related artifacts. Furthermore, ICA topographies representing CI artifacts were identified by the centroid on the side of the implanted device and by the cochlear implant pedestal in the time course of the respective component, and were removed. For the CI users, two to three electrodes were removed to avoid direct contact with the CI electromagnetic coil attached to the mastoid. These missing channels were spherically interpolated ([@bb0020; @bb0305]). After preprocessing the mean number of artifact-free data epochs that were eventually available across subjects did not differ significantly between emotions.

### 2.5.2. Peak analysis {#s0045}

The cleaned data were selectively averaged for each emotion condition from the onset of the stimulus, including a 200 ms pre-stimulus baseline, with an 1800 ms ERP time window. The auditory N1 was identified as the negative peak between 100 and 200 ms and the P200 component as the positive peak in the 200--300 ms. In all cases, the baseline-to-peak value was taken as the magnitude of the response. Visual inspection of grand-average waveforms showed that the distribution of ERP effects was predominantly fronto-central. Therefore, only Cz was selected for further analysis. Grand averages for each condition were computed by averaging the single-subject ERP averages for each emotion.

### 2.5.3. Time-frequency analysis {#s0050}

TF analysis of single trial data was performed using EEGLAB with the inbuilt function newtimef. In order to decompose the signal in the time and frequency domain wavelet analysis was used. Epoched data were transformed into two-dimensional TF planes by convolving the waveforms with a Morlet wavelet at a width of 3 cycles for low, increasing to 15 cycles for high frequency. TF analysis was performed according to the procedures described by [@bb0195]. The percentage of power change in each window relative to the power in the baseline (from − 300 to 0 ms pre-onset of the stimulus) was calculated. Evoked power was derived from the TF representation of the averaged signal, yielding only signal portions phase-locked to stimulus onset while omitting non-phase-locked activity. To calculate induced power, the wavelet transformation was applied separately on the signals of each single-trial, and the single-trial results were then averaged. The TF analysis spanned the frequency bands of theta (4--8 Hz), alpha (9--15 Hz), beta (16--34 Hz), and gamma (35--60 Hz). In order to examine the spatial distribution in each frequency band, values were averaged between 0 ms and 1200 ms in selected time windows. Based on both visual inspection and analyses of power changes, windows that showed similar patterns of effects were clustered. This resulted in an early (0--400 ms) and a late (600--1200 ms) time window. On the basis of the acoustic analysis of prosodies, differences were found predominantly in the late window. In order to increase statistical power, and in agreement with previous work (e.g. [@bb0220]), the statistical analysis was limited to the Cz electrode. Obtained power values were subjected to statistical analysis.

2.6. Statistical analysis {#s0055}
-------------------------

The statistical analysis of this crossover design is based on the intention-to-treat population including all randomized patients. The statistical evaluation of the accuracy score, reaction time and ERPs was performed (SPSS 14.0, SPSS Inc. Chicago, Illinois, USA) using repeated measures ANOVA with independent variables *Prosody* (neutral, angry, happy) and *Subject group* (NH, CI). For comparisons of strategy, an ANOVA was performed with factors, *Prosody* (neutral, angry, happy), and *Strategy* (ACE, MP3000). To assess the significance of TF results an ANOVA with factors *Prosody* (neutral, angry, happy) and *Subject group* (NH, CI) was performed for the early as well as the late time window. A similar statistical procedure was applied for comparison of strategies with factors *Prosody* (neutral, angry, happy) and *Strategy* (ACE, MP3000). The relationship between behavioral results and ERPs was studied by correlating accuracy rate and P200 amplitude with Pearson product correlation. As the ANOVA results of reaction time and latency differences were not significant across groups and condition, they were excluded from correlation analysis. The correlation analysis was also conducted to study a relationship between accuracy rate and induced gamma power for late time window only. All hypotheses were tested to a significance level of 5% (two-sided). In order to correct for sphericity violation the Greenhouse--Geisser correction was used in relevant cases.

3. Results {#s0060}
==========

3.1. Accuracy data {#s0065}
------------------

The group means of the performance accuracy scores (% correct) are depicted in [Fig. 2](#f0010){ref-type="fig"}(A). An ANOVA revealed a significant main effect of group \[F (1, 38) = 53.32, p = 0.001\], showing that performance of NH controls was better than that of CI users. There was no main effect of prosody.

The comparison of performance across strategies revealed a significant main effect of strategy \[F (1, 38) = 5.156, p = .029\], demonstrating that performance accuracy was higher in MP3000 (72 +/− 17%) compared to ACE (61 +/− 15%). A significant interaction between strategy and prosody was also observed \[F (1, 38) = 18.659, p = .001\]. Follow-up paired t-tests revealed higher accuracy for happy prosody recognition with MP3000 \[t (19) = 3.164, p = .005\] compared to ACE. However, the accuracy scores between the two strategies were comparable for angry and neutral prosody. No other significant differences could be observed.

Note that half of the subjects used ACE as their default strategy and MP3000 as experimental while the other half used MP3000 as their default strategy and ACE as experimental. Our results revealed no significant difference in regard to the accuracy rates \[p \> .050\] between the groups, indicating that the subjects with default ACE were comparable to subjects with experimental ACE. Similar results were obtained for MP3000 strategy, suggesting that effects were not biased by duration of use.

3.2. Reaction times {#s0070}
-------------------

The group mean reaction times are depicted in [Fig. 2](#f0010){ref-type="fig"}(B). Analysis of the reaction time data revealed a significant main effect of group \[F (2,18) = 9.090, p = .001\], showing that reaction time of CI users (840 ms) was longer compared to that of NH controls (520 ms) by an average of 320 ms (collapsed across prosody). Furthermore, a significant main effect of prosody \[F (2, 38) = 14.337, p = .001\] was found, although there was no interaction. Breakdown analysis of the main effects revealed that reaction times in recognition of happy (480 ms), \[t (39) = 3.418, p = .020\] and angry (500 ms), \[t (39) = 3.536, p = .022\] prosody were significantly shorter than those of neutral (600 ms) for CI users. No significant difference was found between happy and angry prosody.

Similarly, on prosody recognition in CI users, a significant main effect of prosody was observed \[F (2, 38) = 16.315, p = .001\]. Breakdown analysis showed that subjects took less time to recognize happy (820 ms) \[t (39) = 5.081, p = .001\] and angry (810 ms) \[t (39) = 2.672, p = .011\] prosody compared to neutral (910 ms) (collapsed across strategies). Data yielded no significant difference in reaction times between happy and angry prosody. There was no significant interaction between strategy used and prosody recognition.

The same procedure described above was used to check if there was an effect of default vs. experimental strategy use. Analysis revealed no significant differences between the two \[p \> .05\] either for ACE or for MP3000.

3.3. Event-related potentials {#s0075}
-----------------------------

[Fig. 3](#f0015){ref-type="fig"} depicts the ERP waveforms for the different subject groups across three emotional prosodies. Mean latencies and amplitudes for N100 and P200 peaks are presented in [Table 3](#t0015){ref-type="table"}.

### 3.3.1. N100 {#s0080}

An ANOVA on N100 latency revealed significant differences between the NH and CI users \[F (1, 38) = 6.080, p = 0.002\] indicating longer N100 latencies for CI users. We found no significant main effect of prosody and no interaction between prosody and subject group. The comparison of strategy revealed no significant effect of prosody. There was no significant interaction between strategy and prosody.

For the amplitude analysis, ANOVA revealed significantly greater N100 amplitude for NH controls compared with CI users \[F (1, 38) = 6. 378, p = 0.003\]. However, the interaction between prosody and group did not reach significance. The comparison of strategies showed that there was no significant main effect of prosody or strategy, and no interaction.

### 3.3.2. P200 {#s0085}

A significant main effect of subject group \[F (1, 38) = 20.907, p = 0.001\] was observed. Pair-wise comparisons revealed that P200 latency was shorter in NH controls compared with CI users by an average of 35 ms (collapsed across prosodies). No significant main effect of prosody was observed, and there was no group-by-prosody interaction. The comparison of strategies revealed no significant effects on P200 latency measures.

A significant group effect \[F (1, 38) = 28.245, p = 0.001\] indicated a reduced P200 peak amplitude in CI users compared to NH controls (by an average of 3.8 μV collapsed across prosodies). On comparison of strategies, a significant effect of strategy use \[F (1, 18) = 12.395, p = 0.006\] was observed, indicating that the P200 peak amplitude was significantly larger in MP3000 users compared to ACE. Follow up t-tests revealed that MP3000 strategy use yielded larger amplitude for happy prosody \[t (19) = 4.240, p = .001\] compared with ACE, but not for angry and neutral prosody.

3.4. Time-frequency analysis {#s0090}
----------------------------

Mean evoked and induced powers were calculated in two time windows (0--400 ms) and (600--1200 ms) for four frequency bands: theta (4--8 Hz), alpha (9--15 Hz), beta (16--34 Hz), and gamma (35--60 Hz). There were no significant differences in either alpha or beta activity.

### 3.4.1. Theta {#s0095}

Baseline-corrected spectral theta power evoked by prosody showed a clear peak in the early and late time windows. Statistical comparison of differences across groups revealed a significant main effect of group in the early window \[F (1, 19) = 9.779, p = 0.003\]. Theta activity was larger in NH controls compared to CI users. However, the main effect of prosody did not reach significance.

The comparison of theta power across strategies revealed no significant differences in the early time window. In the late window, a significant main effect of strategy was observed \[F (1, 18) = 10.02, p = 0.005\], reflecting higher theta power when participants used the MP3000 strategy. However, the main effect of prosody did not reach significance.

### 3.4.2. Gamma {#s0100}

[Fig. 4](#f0020){ref-type="fig"} depicts the baseline-corrected TF plots for induced gamma activity at Cz for CI users. Recurring patches of gamma enhancement were observable in the TF plots. Bursts of gamma activity after stimulus onset were found for induced gamma activity. ANOVA revealed that in NH controls induced gamma activity was significantly larger compared with CI users irrespective of the prosody studied for the early \[F (1, 18) = 6.20, p = 0.005\] as well as the late time window, \[F (1, 18) = 5.312, p = 0.010\]. No interaction was observed between prosody and groups.

On comparison of induced gamma activity across strategies in the early time window, a significant main effect of strategy \[F (1, 38) = 8.172, p = 0.020\] was observed. In this window induced gamma power showed a prominent peak in a time window from 180 to 250 ms after stimulus onset in MP3000 users, whereas ACE users showed almost no gamma-band change, reflecting lack of prosody recognition. The interaction between prosody and strategy was also significant \[F (1, 38) = 3.779, p = 0.042\]. Follow up comparisons indicated that gamma activity induced by happy prosody was significantly stronger for MP3000 users \[t (19) = 2.789, p = .021\] compared to ACE. The neutral and angry prosody did not show any significant difference. Similarly, in the later window, induced gamma activity increased along with the increase in the prosody recognition ability. MP3000 users displayed higher induced gamma power compared to ACE \[F (1, 38) = 8.881, p = 0.020\]. This activity peaked at 1050 ms after stimulus onset. A significant interaction of strategy and prosody was observed \[F (1, 38) = 4.241, p = 0.033\]. Follow up t-tests revealed that gamma activity induced by happy prosody for MP3000 was stronger than that for ACE, \[t (19) = 2.430, p = .025\], but not with neutral and angry prosody. No other comparisons yielded significant results.

Taken together, the results in both the early and late time windows revealed that ACE and MP3000 users differed significantly, in particular in showing that induced gamma power was more pronounced for MP3000 users compared to ACE users in response to happy prosody.

3.5. Correlations {#s0105}
-----------------

Pearson product-moment correlation was carried out to study the correlation of the P200 peak amplitude with the behavioral performance (accuracy rate only as differences in reaction time across subject groups were not significant). Significant correlations were observed for happy prosody between accuracy rate and P200 amplitude in NH controls \[r = 0.736; p = 0.019\] as well as in MP3000 users \[r = 0.656; p = 0.036\], reflecting that the P200 peak amplitude increased with higher accuracy of happy prosody recognition. No significant correlations were observed for angry or neutral prosody. The correlation analysis of accuracy rate and gamma band power for happy prosody revealed, for NH controls, a significant positive correlation between gamma band power and the accuracy rate \[r = 0.636; p = 0.019\], indicating that the high induced gamma power was also associated with better happy prosody recognition. Similar observations were made for the MP3000 users \[r = 0.642, p = 0.036\]. The correlation analysis for neutral and angry prosody did not reach significance. The correlation analysis therefore revealed a specific, but clear, link between emotion recognition, P2 peak amplitude, and induced gamma power for happy prosody in MP3000 users and in NH controls, but not in ACE users.

4. Discussion {#s0110}
=============

In this cross-over study significant differences were found in emotion recognition across subjects reflected by both behavioral and electrophysiological measures. Comparisons between CI and NH listeners indicated that CI users had difficulty recognizing prosody. This could be attributed to the limited dynamic range of an implant by which subjects have limited access to pitch, voice quality, vowel articulation, and spectral envelope cues; features that are thought to be essential for emotional voice recognition. Further, comparison of speech coding strategies revealed that the MP3000 strategy has an advantage over ACE strategy on happy prosody recognition.

4.1. Behavioral findings {#s0115}
------------------------

In general, all participants took longer to recognize neutral prosodic sentences compared with sentences spoken in angry or happy prosody. A possible explanation might be that, in the emotional judgment of prosody the non-ambiguous emotional associations are readily available, resulting in faster recognition. In contrast, neutral stimuli may elicit positive or negative associations which otherwise may not exist ([@bb0095]). Here, the reaction times simply reflect a longer decision time for neutral prosody.

The happy prosody was recognized with the highest accuracy compared with the other two prosodies. There is evidence to suggest that negative stimuli are less expected and take more effort to process compared with positive stimuli hence happy emotions are more socially salient ([@bb0130; @bb0175]). Further, the rate of happiness linearly increased as a function of the pitch variations, suggesting a graded processing of neutral and emotional voice, consistent with other studies ([@bb9000]). Thus the high accuracy might be due to the social importance of happy emotion and the additional pitch cues. Moreover, NH subjects listening to CI simulations were significantly less accurate and took longer time to recognize emotional prosodic information compared with original unsimulated stimuli as observed in our recent study ([@bb0020]).

4.2. ERPs {#s0120}
---------

In line with the behavioral results, CI users exhibited prolonged ERP latencies and reduced amplitudes compared with NH controls. This finding is supported by previous research ([@bb0190]), which has reported that the amount of sensory information processed through a CI is less compared to an intact cochlea resulting in reduced synchronization of neuronal activity required in generating auditory evoked potentials ([@bb0100; @bb0235]). Although CI users had prolonged latency and reduced amplitude ERPs, the structure of these potentials was similar to those recorded from NH controls. This implies that despite the limited input provided by CIs, the central auditory system processes the prosodic stimuli consistently in a relatively normal fashion ([@bb0155]). The ERP data for emotional prosody perception recorded in all the participants\' demonstrated differential electrophysiological responses in sensory-perceptual component of emotional relative to neutral prosody. The auditory N100 component is a marker of physical characteristics of stimuli such as temporal pitch extraction ([@bb0270]). Evidence exists in the literature advocating the N100 as the first stage of emotional prosody processing ([@bb0255]). In the current study, N100 amplitude was not significantly different across strategies, suggesting that early stages of prosody recognition might be adversely affected in some way by stimulus characteristics. However, the N100 is modulated by various factors including attention, motivation, arousal, fatigue, complexity of the stimuli, and methods of recording etc. ([@bb0225]). Thus, it is not possible to delineate the reasons for the presence of the N100 since one cannot rule out the contribution of above-mentioned factors to the observed results.

The P200 component reflects the initial encoding of the emotion ([@bb0025]). Previous studies have reported that emotional stimuli elicit larger ERP waveforms than neutral stimuli, often as early as 200 ms after stimulus onset ([@bb0310]). This initial emotional encoding seems to be influenced by stimulus pitch ([@bb0215]). The lack of a statistical difference between the intensity of sentences spoken with angry prosody versus spoken with happy indicates that the differences observed in P200 amplitudes were not simply due to loudness or emphasis. Thus, it seems unlikely that an attention-related effect due to an unexpected change of loudness could account for the observed ERP differences across emotional prosodies ([Table 2](#t0010){ref-type="table"} acoustic parameters). More importantly, a significant positive linear correlation between P200 amplitude and rate of accuracy for happiness recognition was observed. This result is consistent with the observation that the brain response (P200) is sensitive to the stimulus pitch modulation ([@bb0215]). Thus, the brain response observed in the present study was sensitive to the pitch variations of emotional prosody rather than loudness.

Furthermore, the amplitude of the P200 component in MP3000 users was larger compared to ACE. This could be due to the fact that the MP3000 strategy avoids repetitive stimulation of neuronal ensembles ([@bb0040]), by selecting components that are more widely dispersed across the spectrum to avoid clustering of stimulated channels ([@bb0210]). Thus, bands selected by the psychoacoustic model in MP3000 extract the most meaningful components of the audio signal based on normal cochlear physiology. Due to this, only the relevant components are transferred and the redundant components are masked. Since this strategy is based on a normal-hearing principle, the extraction of fundamental (F0) frequency cues fares better compared with ACE, resulting in an improved recognition of happy prosody in the present study.

4.3. Time-frequency results {#s0125}
---------------------------

In accordance with conducting conventional analysis on ERP waveforms, we also used time-frequency analysis. The focus of time-frequency analysis is on oscillations, which are readily detected in the EEG when a frequency decomposition is performed. To our knowledge, our study is the first attempt to show that the processing of emotional prosody in CI users can be distinguished in both early and late stages of brain oscillations during prosody recognition. Our results support the view that frequency-specific EEG responses differ from each other systematically as a function of the stimulus type (i.e. emotional vs. neutral). Theta and gamma bands showed a significant power increase with the emotional stimuli, whereas alpha and beta frequencies were not modulated by the prosody; an observation which is in line with previously reported effects ([@bb0005; @bb0010; @bb0145]).

Overall spectral power was larger for NH controls compared to CI users as evident from ERP results. Consistent with the idea that NH subjects have a better hearing resolution than CI users and that stimulus presentation is well received. On the other hand the larger gamma band power in CI users could be indicative of additional neural activation in CI users to compensate for less efficient processing during extraction of stimulus features and integration of the perceived sensory input. Imaging studies support this assumption by demonstrating that task-related compensatory activations are higher in response to developmental deviations compared to normal maturational processes ([@bb0075; @bb0285]).

In regard to the comparisons of CI strategies used in the present experiment, MP3000 users showed significantly larger power at theta frequencies compared to ACE users. These findings are in line with the literature, where it has been observed that there is a general tendency for higher theta along with an increased motivation and emotional significance of the stimuli ([@bb0005]). This clearly explains the higher theta power for emotional stimuli, particularly happy emotion in MP3000 compared to ACE users, suggesting that slow cerebral oscillations are suitable to study the processes related to emotion recognition. Observed differences can be attributed to the psychoacoustic model in MP3000 strategy. This algorithm increases the dynamic range, thereby improving the pitch as well as finer feature recognition.

Two typical peaks in gamma activity were observed for prosody recognition in both the early and the late time windows. The early gamma activity occurred at about 100--250 ms after stimulus onset (induced), while the late peak commenced after 600 ms post-stimulus (induced). In the present study, MP3000 users showed significantly higher power at gamma-band frequencies for the recognition of emotions compared with ACE users. MP3000 users showed the highest power for happy emotion recognition and the lowest power for neutral stimuli. In contrast ACE users displayed higher power for neutral compared to happy prosody. There is strong evidence that gamma power in the initial 250 ms is a correlate of sensory processing ([@bb0045; @bb0140]) reflecting bottom--up processes driven by stimulus features such as loudness ([@bb0240]) and pitch ([@bb0265]). There is also evidence that early gamma activity represents an interface of bottom--up factors and top--down processes ([@bb0050]). Thus, it implies that in the current study, the MP3000 strategy encoded the physical characteristics better than ACE, which in turn improved the prosody recognition especially for happy prosody that had maximum pitch modulation. Similarly, increased induced gamma band power was also observed in the late time window of 600 to 1200 ms peaking at 1050 ms. It seems likely that the second burst of long-latency gamma synchrony reported in the late time window may be related to the maintenance or refinement of the attention network established by the first burst. Thus, the selection of certain neuronal groups for integration into a large-scale synchronous gamma network accounts for the increased integration of attended information.

Similarly, in the late time window the variation of acoustic features was at its peak. This suggests that these features were well received and coded by the brain to differentiate emotions effectively. MP3000 users had the highest gamma power during happy prosody recognition, whereas ACE users had the lowest power. Since previous studies have shown a similar gamma-band power increase locked to visual stimuli conditioned to emotional pictures ([@bb0290]), the current results support a specific role of gamma activity (35--60 Hz) for emotionally triggered functional activation states, seemingly irrespective of the sensory modality ([@bb0290]). High-frequency components, such as gamma-band activity, have been associated with 'local' computations and the binding of fine-structured information ([@bb0300]), whereas low frequency components such as theta involve more 'global' computations and are possibly amodal ([@bb0340]). Our results suggest that a more analytic ('local') processing mode was engaged in the emotion identification with MP3000, compared to the ACE. The 'burst of gamma' observed in perceptual testing originates from a transient synchrony of neural populations involved in the processing of a sensory event, i.e. the stimulus enters the realm of conscious recognition ([@bb0110; @bb0200]). The positive correlation between gamma activity and neuronal spiking is a robust finding reported in aforementioned studies. Thus, the MP3000 strategy leads to higher neuronal firing rate compared to ACE which might have improved the identification of the prosody with this strategy. Gamma band responses also show a direct relationship with task demands ([@bb0275; @bb0330]). Hence, it seems reasonable to assume higher activation of processing resources in MP3000 users for task-relevant stimuli, reflected by enhanced activity in the gamma-range. Furthermore, the high positive correlation between accuracy rate and gamma band power reflected an advantage of MP3000 over ACE on prosody recognition. These findings are in line with previous reports in which an association between power in gamma frequencies and response accuracy was more pronounced in good performers compared with bad performers. This difference was particularly manifested around the onset of the test stimuli ([@bb0135]). Thus the results suggest the relevance of gamma power for optimal differentiation between stimulus characteristics. However, there are some limitations that should be taken into consideration while making these conclusions. First, only prosodies recorded by one speaker were used, which constrains the generalization of the findings. Second, only three emotions were intoned via the sentences. Despite these limitations the results are very promising and reflect the advantage of using ERP and TF analysis in evaluating CI users\' abilities that may not be evident in behavioral measures.

Taken together, we have shown that subjects using the ACE strategy had more difficulty perceiving emotional stimuli compared with MP3000 users. These difficulties were reflected in behavioral scores, ERPs, and TF measures. It was observed that subjects with ACE had to be more attentive to distinguish the emotions compared with NH and MP3000 users. High-frequency oscillations typically show lower amplitudes compared to low-frequency oscillations and therefore are not visible in ERPs and would not have contributed to the peak amplitudes ([@bb0080]). Thus, these findings lend strong support for the hypothesis that the MP3000 strategy has an advantage over ACE on happy prosody perception and that this can be confirmed with behavioral and EEG findings. In addition, gamma band activity may serve as a relevant measure for comparing performance of speech coding strategy for prosody recognition in CI users when ERPs are not sufficiently sensitive. Our findings of the P200 amplitude differences corroborate the current literature on the use of auditory ERPs as an objective measure in CI research ([@bb0235; @bb9005]). Here, we showed that even finer acoustic differences might be appropriate to compare hearing abilities of CI speech coding strategies.
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![Pitch contours of the three prosodies. Praat generated pitch contours of neutral (dotted line), angry (solid line) and happy prosody (dashed line) for the original (unsimulated) sentence: "Sie hat die Zeitung gelesen". The maximum difference in pitch across emotions can be seen between 200 and 1200 ms from the starting of the sentence.](gr1){#f0005}

![Accuracy rate and reaction time. Top (A): accuracy rate for NH controls vs. CI, ACE users vs. MP3000 users for neutral, angry and happy emotional prosody recognition in percentage. Bottom (B): post offset reaction time for emotional prosody recognition in seconds. The significance is indicated with asterisk with p \< 0.05.](gr2){#f0010}

![ERP waveforms for three emotional prosodies for NH controls, ACE and MP3000 users. Average ERP waveforms recorded at the Cz electrode for NH controls (black), ACE users (red) and MP3000 users (blue) for all three emotional \[neutral, angry and happy\] stimuli from100 ms before onset to 600 ms after the onset of the sentences with respective scalp topographies at N100 and P200 peak (X-axis: latency in milliseconds, Y-axis: amplitude in μV). Top left: N100-P200 waveform for neutral, Middle: waveform for angry and right for happy prosody. Bottom left scale topography of NH controls, middle: ACE users, right: MP3000 users for N100 and P200 respectively.](gr3){#f0015}

![Induce gamma power plots for ACE and MP3000 users. The average gamma power computed at Cz electrode for ACE users and MP3000 users for all three emotional prosodies (neutral, angry and happy) for (− 200--1500) time window in range of 25 to 70 Hz. Highlighted area along with scalp plots represent induced gamma power in early (0--400 ms) and in late (600--1200 ms) time windows at significance (p \< 0.01).](gr4){#f0020}

###### 

Demographic data of CI users.

  Patient   Age   Gender   Duration of implant-use (in years)   Strategy
  --------- ----- -------- ------------------------------------ ----------
  1         39    M        3                                    ACE
  2         51    F        3                                    ACE
  3         35    F        3                                    ACE
  4         48    M        4                                    ACE
  5         42    F        3                                    ACE
  6         49    M        2                                    ACE
  7         47    F        2                                    ACE
  8         29    F        3                                    ACE
  9         52    M        4                                    ACE
  10        56    M        5                                    ACE
  11        35    F        3                                    MP3000
  12        43    F        4                                    MP3000
  13        22    F        2                                    MP3000
  14        42    M        2                                    MP3000
  15        39    F        3                                    MP3000
  16        46    F        4                                    MP3000
  17        42    F        3                                    MP3000
  18        48    M        3                                    MP3000
  19        40    M        4                                    MP3000
  20        41    F        3                                    MP3000

###### 

Averaged acoustical parameters of the presented sentence categories (standard deviations in parenthesis).

             Stimulus     Mean duration (s)                               Mean F0 (Hz)   Mean intensity (dB)
  ---------- ------------ ----------------------------------------------- -------------- ---------------------
  Original   Neutral      1.60 (0.3)                                      157.0 (23.0)   68.6 (1.0)
  Angry      1.70 (0.3)   191.5 (25.0)                                    70.0 (0.9)     
  Happy      1.80 (0.4)   226.6 (24.6)[⁎](#tf0005){ref-type="table-fn"}   67.3 (0.9)     

Indicate the significant difference in mean F0 for happy prosody vs angry as well as neutral (p \< .05).

###### 

Peak mean latency and amplitude of the N100 and P200 (standard deviations in parenthesis).

  Subjects                     Neutral                                       Angry                                         Happy
  ---------------------------- --------------------------------------------- --------------------------------------------- ----------------------------------------------
  *N100 peak latency (ms)*                                                                                                 
  NH                           137 (11.5)                                    138 (13.5)                                    140 (10.1)
  ACE                          145 (22.0)                                    156 (23.4)                                    151 (22.0)
  MP3000                       154 (22.0)                                    155 (22.2)                                    154 (21.8)
                                                                                                                           
  *N100 peak amplitude (μV)*                                                                                               
  NH                           − 3.90 (1.8)                                  − 3.90 (1.5)                                  − 4.00 (1.9)
  ACE                          − 2.31 (1.3)                                  − 2.82 (1.3)                                  − 2.60 (1.2)
  MP3000                       − 2.81 (1.8)                                  − 2.50 (1.3)                                  − 2.55 (1.4)
                                                                                                                           
  *P200 peak latency (ms)*                                                                                                 
  NH                           240 (16.6)                                    240 (20.2)                                    234 (10.0)
  ACE                          259 (25.0)                                    270 (26.1)                                    270 (24.1)
  MP3000                       262 (25.0)                                    271 (25.6)                                    271 (25.2)
                                                                                                                           
  *P200 peak amplitude (μV)*                                                                                               
  NH                           5.90 (1.5)[⁎](#tf0010){ref-type="table-fn"}   6.00 (1.5)[⁎](#tf0010){ref-type="table-fn"}   6.20 (1.8)[⁎](#tf0010){ref-type="table-fn"}
  ACE                          2.23 (1.2)                                    2.38 (0.9)                                    2.34 (0.9)
  MP3000                       2.21 (1.1)                                    2.31 (0.8)                                    2.81 (0.9)[⁎⁎](#tf0015){ref-type="table-fn"}

Indicate the significant differences in mean P200 amplitude for NH subjects compared with ACE and MP3000 users.

Indicates significant P200 amplitude difference between ACE and MP3000 users (p \< .05).
